INTRODUCTION
The revolution of minimally invasive surgery began in 1976 when Fernström and Johannson performed the first percutaneous nephrolithotomy (PNL). 1 Urologists then began to realize the potential of renal surgery through small percutaneous tracts, and have refined the procedure into what is routinely practiced throughout the world today. Progress in this area has ultimately benefited patients, with reduced morbidity, convalescence and recovery. In the United States, endourology was pioneered by Smith and associates, who, in 1979, removed renal and ureteral stones through the percutaneous route. 2 Recent advances in fiberoptic technology have allowed easier and safer access to the upper urinary tract from a retrograde approach. Another innovation in stone management is shockwave lithotripsy, which has been shown to be both safe and effective. However, there is a definite role for percutaneous management of urinary calculi in today's world. [3] [4] [5] [6] [7] [8] [9] Developments in stone fragmentation, newer instruments, and improved fluoroscopy have increased the versatility of percutaneous surgery. Flexible, steerable nephroscopes have allowed access to all parts of the kidney. The indications for open surgery in stone disease have thus become rare. In 1990, only 1-2% of urinary stones were treated by open surgery. 5 Today, this number is even smaller. This article will discuss the selection of the proper patient, as well as techniques of stone removal, and will review the advances and outcomes of percutaneous endourologic surgery in the last twenty years.
PERCUTANEOUS ACCESS
The endourologist is only as good as the access tract allows. Key placement of percutaneous tract or tracts can make the difference between safe, efficient stone removal and frustrating failure. 19 Who performs the access procedure is dependent on personal preference. At our institution, the access is obtained in the radiological suite, after which the patient is transferred to the operating room. For the access procedure, patients are placed in the prone position with mild intravenous sedation. 20 The previously obtained radiologic studies should delineate the relationship between the stone and the collecting system. If the stone is located in a particular calyx or diverticulum, access should be through that particular calyx or diverticulum. 21 If this is not the case, a lateral or posterior calyx is optimal for stone extraction. In the United States, fluoroscopic guidance is typically used for access, but European interventionists prefer ultrasound guidance.
Once the collecting system is entered, contrast is used for proper placement of the guide wires and later the nephrostomy tube, which at our institution is usually a Cope catheter secured to the skin. Retrograde assisted renal access has been described. 22, 23 Using a flexible ureteroscope, the calyx is punctured and the wire is brought out through the skin. Snare wires have also been used for this technique. 24 Wires can be replaced and the tract dilated in the usual fashion. This is more difficult and not recommended in patients with staghorn or large volume stones.
Upper calyceal stone present a different twist for access. An intercostal approach is sometimes necessary, but pulmonary complications are significantly increased. 25 Karlin and Smith have described a technique to displace the kidney caudally using an Amplatz sheath in a lower or central calyx. 26 This brings the upper calyces below the twelfth rib and thus decreases the risk of pleural or pulmonary injury. Spinal and intrapleural bupivacaine has been used for postoperative analgesia for patients needing an intercostal access tract. 27 In a morbidly obese patient, access may be achieved in the flank position. 28 An occlusive balloon catheter is placed in a retrograde fashion prior to antegrade percutaneous nephrostomy. This position allows for less restriction of chest movements and pulls the abdominal pannus forward.
Patients who have had multiple renal procedures prior to PNL may present difficult access scenarios. A Collings knife has been reported as being helpful in establishing a tract that is difficult to dilate. 29 However, significant bleeding may be encountered with this technique. Finally, transilial access was performed in a patient with crossed fused renal ectopia. 30 An existing ileal bone window created for posterior iliopsoas transplantation was utilized to gain access to the fused kidney without complication.
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TECHNIQUE OF STONE REMOVAL
We prefer our patients to have general anesthesia for PNL and placed prone to allow ease in positioning. Our technique has been previously described 5, 31, 32 and is briefly summarized as follows. After the guide wire is placed down the ureter in the radiology suite, a straight, angiographic catheter is placed over the wire and the patient is transported to the operating room. The catheter is removed and the tract is dilated over the guide wire. The dilator used is a matter of personal preference. We prefer rapid dilation to 24-28F using flexible fascial dilators because they seem to have a better sense of feel. However, there is a higher chance of buckling in the retroperitoneum, especially when there is significant perinephric scarring or marked obesity. At that point we would use the telescoping metal dilators. The dilation procedure must be done under fluoroscopic guidance to assure proper placement into the renal pelvis. It is mandatory to have a safety guide wire in the ureter and perform the dilations over a second "working" wire. The nephroscope may be placed directly into the kidney through the tract or alternatively, an Amplatz sheath may be used.
Smaller stones may be removed using forceps or a basket, but in general the larger stones must be fragmented prior to extraction. We prefer the ultrasonic lithotrite because of its power to fragment and its simultaneous ability to suction stone particles. Alternative methods of fragmentation are the electrohydraulic probe, which works especially well for harder stones (cystine and calcium oxalate monohydrate), the holmium:YAG laser 33 and the Swiss lithoclast. 34, 35 Flexible nephroscopy may be employed in cases of stone fragments migrating to other calyces or additional stone burden. The laser fiber is very useful in this situation. When proficiency is reached with PNL techniques, bilateral procedures may done with only minimal increases in morbidity. 36 The recent summary report from the ureteral stones guidelines panel 37 has the following recommendations: Stones in the upper ureter less than one centimeter should have ESWL as a first line of therapy. Ureteroscopy and PNL are acceptable choices in situations where ESWL is not feasible or has failed. Stones greater than one centimeter can be treated with either ESWL, ureteroscopy or PNL. In an age of ureteroscopy, lower ureteral stones are no longer in the realm of PNL.
At the conclusion of a PNL procedure, a basket is often placed down the ureter under fluoroscopic guidance to retrieve any fragments that may have traveled down. A 6F angiographic catheter is placed into the ureter and a 22F Foley is used as a nephrostomy tube with 1-2 cc in the balloon. A nephrostogram is performed in 24-48 hours and the tubes are removed if there is no extravasation or retained calculi.
Staghorn calculi often present increased difficulty. 38, 39 PNL is particularly useful in the management of these stones which are usually made of struvite. The internal anatomy of the kidney determines whether one or several tracts will be necessary. Too many dendritic extensions or obstructed calyces may mean that PNL alone is not be the best option in the particular stone. The collecting system must be inspected at the end of the procedure using a flexible nephroscope to locate any residual stony material. Many struvite staghorn calculi are treated very well by "sandwich therapy" 40 or combination therapy, which involves a PNL session followed by ESWL, and a subsequent PNL session to remove any remaining debris. The stone free rates are comparable to open surgery and PNL alone. A set of guidelines was created by the Nephrolithaisis Clinical Guidelines Panel for the management of staghorn calculi. 41 The committee believes that a newly diagnosed staghorn is an indication for treatment. As a guideline, PNL followed by ESWL or repeat PNL should be used for most standard patients with struvite staghorns. As a guideline, neither SWL monotherapy nor open surgery should by used as first-line treatment for staghorns in most standard patients. As options, PNL and ESWL are equally effective in treating smallvolume staghorns when the renal anatomy is normal or near normal. Also as an option, open surgery is appropriate therapy when the staghorn cannot be managed by any reasonable number of PNL sessions or ESWL sessions. Nephrectomy is a reasonable option for a poorly functioning stone-bearing kidney.
Cystine calculi are generally resistant to shockwave therapy and thus, medical failures are best suited for PNL. The long hospitalizations associated with dissolution therapy preclude its use as primary therapy.
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RESULTS
The literature demonstrates that over the years, proficiency with PNL has improved dramatically with experience. Our first 15 cases were preliminarily reported in 1982. 43 All stones were under 2 cm and removed successfully with an average hospital stay of 4 days. Another report of the efficacy of PNL came from Europe the following year. 44 An adequate tract was created in only 84% of cases and the stone free rate was 71%. The average hospital stay was 8.3 days. An important study from the United States from White and Smith in 1984 showed a 95% stone-free rate with renal stones and 80% success for ureteral calculi. 45 Hospital stay was 3 days and the complication rate was approximately 8.5%. One year later our institution presented a review of 1,000 PNL cases, citing successful removal of renal and ureteral stones in 98.3% and 88.2% respectively. The mean length of stay was 5.2 days (day of procedure = day 1) with a 3.2% complication rate. From that time, further reports followed showing results similar to open extraction with significantly decreased morbidity and convalescence. [46] [47] [48] [49] [50] [51] Long term stone-free status can be achieved using PNL. 52 When following patients on a long term basis, it has been shown that tomography is superior to plain radiography for the detection of renal stones. 53 Computerized tomography is more sensitive and specific than all other imaging modalities 54 , however the cost effectiveness of this test precludes its routine use.
The invention of ESWL has dramatically changed the management of renal calculi. Early on, we evaluated the role of PNL and its indications, which have become a part of the indications urologists follow today.
14 Case controlled studies have documented the superior effectiveness of PNL compared to ESWL monotherapy. 55, 56 Sandwich therapy has dramatically improved the clearance of renal stones and has reduced ancillary procedures for staghorn calculi. An important distinction for stone size was published by Lam and colleagues, comparing success after PNL alone, combination therapy, and ESWL monotherapy. 57 The initial stone-free rate for PNL alone was 84.2% compared to 51.2% for ESWL alone. For staghorn calculi smaller than 500 mm 2 the stone-free status improved to 94.4% for PNL with or without ESWL, compared to 63.2% for ESWL monotherapy. When the stone surface area increased to 1000 mm 2 the ESWL clearance rate dropped to 22.2%. Thus, shockwave therapy alone should be reserved for smaller staghorn calculi. Additional studies correlate with these findings. [58] [59] [60] [61] [62] Struvite staghorn calculi are prone to recurrence, especially when residual fragments are present. 63 When an aggressive combined endourological approach is taken in the management of struvite calculi, long-term results are comparable to the standard open technique. 64 The only significant risk factor for stone recurrence is the presence of an associated anatomic anomaly. 65 Medical management of cystine calculi is very effective, though obstructing or symptomatic calculi occasionally still require surgery. PNL has proven to the most effective intervention, superior to ESWL. 66 Cystine stones can also be subdivided between rough and smooth, the latter thought to be more resistant to shockwave therapy. 67 Initially it was felt that in the treatment of cystine staghorn stones, debulking, and medical management should resolve most cases. This has not proven to be true. Medical management is ineffective in removing residual stones. For optimal results, these patients should be made stone free at the time of PNL.
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COMPLICATIONS
In the United States, fluoroscopy is used during tract formation and PNL. It is important that the radiation dose received by the surgeon is within the acceptable range. 69, 70 Use of lead glasses, thyroid shield, as well as a lead apron are recommended if an overhead x-ray source is used. This is less important if an under the table C-arm is employed. Additional measures taken to reduce radiation exposure are limiting fluoroscopy time and coning down the field when possible.
The renal effects of PNL have been well documented in the literature. [71] [72] [73] There is certainly some scarring at the nephrostomy site, but 99m DTPA and 99m DMSA scintigraphy have proven that no loss of functioning renal parenchyma occurs with these scars. It is also important to note that multiple nephrostomy tracts did not cause increased renal damage. Enzymatic evaluation of kidneys using Nacetyl-glycosaminidase, a sensitive marker of renal tubular damage, does not show any significant change after PNL and ESWL. 74 Comparison of renal scars produced from ESWL and PNL by single photon emission computed tomography (SPECT) reveal that renal lesions seem to be greater from ESWL than from PNL, and patients requiring multiple shockwave treatments may be better served by PNL. 75 Finally, Wilson and co-workers performed an experimental comparison in pigs of the bioeffects of pyelotomy, nephrotomy, piezoelectric lithotripsy, and placement of a percutaneous nephrostomy tube with balloon dilation. 76 Percutaneous nephrostomy had statistically higher renal scarring than the other groups, but neither creatinine, PAH clearances, nor renal plasma flows changed significantly. Moreover, no change in renal function was observed after treatment when compared to baseline function.
Significant blood loss may occur when the nephrostomy tract is created, during PNL, and for some time afterwards. A retrospective analysis from Stoller, et. al. estimated the average blood loss from a onestage single puncture PNL to be 2.8 gm/dL hemoglobin. 77 Multiple punctures and renal pelvic perforation doubled the blood loss. Patients with preexisting nephrostomy tracts had half of the blood loss seen with PNL. Factors such as puncture site, type of fascial dilator, hypertension, renal insufficiency, infection, previous open renal surgery or prior ESWL did not effect the estimated blood loss. Data from our institution in a review of 1000 patients shows an average blood loss of 1.2 g of hemoglobin with a transfusion rate of 3%. 78 Bleeding during PNL may be enough to terminate the procedure. The technique we have used involves placement of a large nephrostomy tube, clamping it for 30-40 minutes and administering intravenous diuretics. This will stop most bleeding that is venous in origin. Occasionally arterial bleeding is encountered and has needed further therapy. Patterson and colleagues reviewed 1,032 PNL procedures and reported the incidence of significant, documented or presumed vascular injury to be 0.9%. 79 Pseudoaneurysm, arteriovenous fistula, or vascular laceration were all diagnosed angiographically and treated with transcatheter techniques successfully. Delayed bleeding was also seen and treated with conservative therapy. The recommendation for patients with serious postoperative bleeding is arteriography and embolization of peripheral vessels as opposed to open exploration. A hemostatic tamponade catheter has also been used with success. 80, 81 Extravasation of irrigating fluid can be a life threatening complication when it is unrecognized. 82, 83 The operating room personnel must monitor the input of fluid versus the output from bladder drainage and loss at the table. When a difference of 500cc is reached, consideration should be given to terminating the procedure. Aggressive diuresis and careful electrolyte management are required. Absorption of cold irrigation fluid has more of an effect on thermoregulation than warmed solution. 84 Most patients will recover without long term sequela.
Any chest or abdominal organ has a chance of injury during nephrostomy tract creation and PNL. A supracostal approach for upper renal stones has a significantly increased rate of pulmonary complications. 85 Hydrothorax and pneumothorax are known complications, and patients must be informed of the possible need for a chest tube and/or further therapy. Most small pneumothoraces may be managed conservatively, provided that the patient is not symptomatic. Pleural extravasation of infected urine poses a greater threat to the patient. Bowel injury is rare and thus patients are not routinely given a preoperative bowel preparation. Anatomic variations and prior bowel surgery most commonly contribute to bowel injury. Extraperitoneal colon injury can be managed conservatively by stenting the urinary system, and using the percutaneous tube as a colostomy tube. 86 When the connection between the urinary and fecal tracts has sealed, the tube can be removed. The cutaneous fistula tract will close shortly thereafter. Intraperitoneal perforation of the colon mandates open exploration and repair. 87 Duodenal injury has also been reported with PNL and was successfully managed conservatively. 88 Left renal PNL has the risk of splenic injury, especially if splenomegaly is present. 89 It is rare, but a patient with known splenomegaly will be better served with an abdominal CT scan to identify a safe "window" for nephrostomy creation. Injury to the spleen usually requires exploration and splenectomy.
Patients with renal pelvic stones that are lodged at the UPJ have a higher incidence of UPJ obstruction following PNL. 90 It is sometimes difficult to ascertain whether the obstruction predated the PNL procedure.
Spinal cord injury patients are prone to autonomic dysreflexia, usually when the lesion is above T6. Stimuli such as bladder distension and constipation can trigger the sympathetic outflow with reflex bradycardia. This has also been reported during a PNL procedure. 91 The symptoms resolved when the procedure was terminated and the patient underwent an open pyelolithotomy without complication.
Removal of the nephrostomy tube should be performed with a clear understanding of its mechanics. Many times, fluoroscopic guidance is necessary to assure complete removal of locking catheters. The catheter should be thoroughly inspected to assure complete removal. Retained fragments predispose the patient to infection and calculi formation. 92 Computerized tomography (CT) is an excellent way for delineating renal and perirenal morphology. Late sequela of PNL are rare and renal function remains constant. 93 Ultrasound guidance can be used for the detection of complications 94 , but CT scanning remains the most sensitive test today. Overall, percutaneous nephrolithotomy is a safe and effective method of removing renal calculi. The complications are rare and most of them can be managed conservatively. [95] [96] [97] 
SPECIAL CIRCUMSTANCES
Calyceal diverticula are lined with non-secretory transitional epithelium and are connected to the normal collecting system by a narrow isthmus. They fill by the retrograde passage of urine from the calyx, though drainage may be impaired if the neck of the diverticulum is narrow. Often times the connection can be obliterated. They are thought to be incidental in less than 1% of people, congenital in origin and bilateral in 3%. 98 Though most calyceal diverticula are asymptomatic, they can present with flank pain, hematuria or recurrent infection, and thus require treatment. 99 Stones can form in them 10-50% of the time. A series of 10 patients who had diverticular stones were managed using ESWL by Psihramis and Dretler. 100 Although 8 of the 10 patients were not stone free, 70% of the group were asymptomatic after ESWL. It should be noted that the largest stone was 14 mm in their group. This form of treatment, however, does not eradicate the underlying pathology. Percutaneous management of these stones has been extremely successful. 101 The tract must enter the diverticulum directly and the neck should be dilated to prevent further stone formation if there is a substantial amount of overlying parenchyma. 99 The collecting system can be punctured from an antegrade approach if an opening is not seen. After any stones have been removed, the cavity should be fulgurated. Alternatively, the infundibulum may be dilated and a nephrostomy tube placed for a few days. When the parenchyma is thin, the diverticular wall as well as the isthmus should be fulgurated to obliterate the cavity and the roof of the diverticulum should be resected. 102 Difficulties will be encountered with anterior and superior calyceal diverticula. A newer technique has been described using a retrograde assisted percutaneous approach for improved operative time. 103 Lower calyceal diverticula may be more difficult to reach with the flexible ureteroscope. Urolithaisis in a transplanted kidney is a rare occurrence. The reconstructed anatomy of the transplanted ureter reduces the likelihood of fragments passing after ESWL. 104 Percutaneous extraction of stones is a very safe and effective method of stone removal. [105] [106] [107] [108] The anterior nature of the transplant offers easier access through the anterior abdominal wall and tract dilation. The collecting system can be localized easily with ultrasound guidance, especially when hydronephrosis is present. Other urologic complications of transplantation may be handled by this route also.
Patients with solitary kidneys are able to have PNL without any increase risk. 109 Renal function is not adversely affected and PNL may be performed even with renal insufficiency. Caution must be given to monitor the irrigation fluid balance at all times, as these patients may not be able to handle the fluid shifts.
PNL for calculi in horseshoe kidneys has been performed with success. 110 In fact, ESWL may be more difficult for two reasons. First, the anteromedial and inferior position of the horseshoe kidney makes it more difficult to focus the shockwave therapy. Second, stones in the medial calyces may be obscured by the spine, and the pelvic bones may obscure the lower calyceal stones. Modifications must be made to the PNL technique because of these anatomic changes. 111 The lower abdominal position of a horseshoe kidney necessitates upper or middle calyceal puncture, while the malrotation requires a more posterior puncture. Monitoring of the tract formation is difficult using fluoroscopy. Ultrasound guidance may be more helpful in this regard, and is also useful in locating aberrant vessels. The renal pelvis is deep and a long nephroscope may be required. Similarly, with a pelvic kidney, PNL may be possible using laparoscopy to displace the bowels. 112 A case has also been reported using "open" PNL for failed anatrophic nephrolithotomy. 113 Morbid obesity that precludes placement in the ESWL tub or results in ESWL failure are indications for PNL. Carson and colleagues have shown that PNL can be performed in obese patients with success. 114 The technique in these patients, however, may need some modification. 115 It is important to measure the skin to stone distance to see if longer instruments may be needed. This can be done with CT scanning or ultrasound. To assist with PNL, two techniques are described. First, to gain additional length, the skin and subcutaneous fat are incised down to the fascia. The Amplatz sheath should be secured to the skin with a heavy suture to prevent loss into voluminous subcutaneous fat. 4 The second technique is a two-staged procedure. When the tract has matured for a week or two, a flexible cystoscope can be used. However, visibility is diminished with this scope. Giblin, et. al have suggested using a longer Amplatz sheath and a gynecologic laparoscope to reach the stones in a one-staged procedure. 115 PNL may be performed in the elderly patient without increased complications. Stoller and colleagues reviewed their patients over 65 and compared them with younger patients. 116 No significant difference was seen as far as success or complications between the groups. The blood transfusion rate was higher in the elderly group despite similar preoperative hemoglobins. They hypothesize that the older patients have a lower threshold for transfusion given the increased risk for cardiac disease and thus an increased transfusion rate. Similarly, Horgan, et. al. have shown that endopyelotomy is safe in patients over 65.
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They also had an increased transfusion rate (11%) and suggest that elderly patients pose a greater risk for blood loss during percutaneous procedures due to the effects of atherosclerosis on renal blood vessels. Patient positioning must be undertaken with care. Osteoporosis and debilitating arthritis may predispose to significant postoperative problems. Pain and post-procedure mobilization may be a problem. Patient education is very valuable to assist the elderly patient.
Turning to the other side of the age spectrum, PNL is possible in children and infants. A review of 53 cases of patients 16 years old or less by Kurzrock, et. al shows that there has not been any evidence of decreased renal growth or scarring with minimally invasive techniques. 118 Performing PNL in smaller kidneys does not lead to increased complications, either. In fact, combination therapy of PNL, ESWL and percutaneous irrigation has been accomplished in a 9 month old baby. 119 Occasionally, the renal anatomy is distorted by benign structures. A technique of cyst puncture can shift the kidney to a more accessible position for PNL. 120 The cyst cavities in those cases should be drained percutaneously until all the drainage has stopped. Finally, patients with multiple benign tumors such as angiomyolipomas present a clinical dilemma. Open nephrolithotomy has a high risk for nephrectomy. One case is reported in the literature of PNL directly through an angiomyolipoma in a patient with tuberous sclerosis. 121 Fortunately, significant bleeding was not encountered and the authors advise that the PNL be performed with a Kaye balloon nephrostomy tube placed postoperatively.
COST COMPARISON
It is difficult to predict the costs involved in renal stone removal when prices and outcomes across the world are variable. Chandhoke has created a cost-effectiveness model for the treatment of staghorn calculi and this represents the best model we have today for comparison. 122 Overall, PNL and combined sandwich therapy were more cost-effective than shock wave lithotripsy monotherapy. When the stone surface area was less than 500 mm 2 , combined sandwich therapy and shock wave lithotripsy monotherapy were equal. However, when the stone burden exceeded 500 mm 2 , combined therapy clearly became more cost-effective. This also reinforces the point that ESWL is at its best when only one treatment is required and the risk of secondary procedures is minimized. Further cost-effectiveness studies can hopefully characterize the treatment of all renal stones.
FUTURE
PNL will always have a role in the management of urinary calculi. With constant improvements in optics and stone fragmentation, PNL continues to become more effective with fewer complications. In an era of shockwave therapy, there is a definite niche for percutaneous procedures. These have been refined over the years, but general indications for PNL are as follows: contraindication or failure of ESWL, staghorn calculi, large or lower pole stone burden, cystine calculi, abnormal renal or patient anatomy and the transplanted kidney. 104 
